ABSTRACT: Four novel systematically fluorinated DPPs and their single crystal structures are reported. Structures involving direct fluorination of the DPP core phenyl rings and N-benzyl groups, display 1-dimentional π-π stacking motifs; a characteristic of N-benzyl substitution, where long and short molecular axis displacement is induced by isosteric substitution of phenylic hydrogen atoms for fluorine atoms. This characteristic stacking behaviour is destroyed upon trifluoromethyl substitution at the para position of the core phenyl rings, in one case affording a novel molecular conformation and π-π dimer pair exhibiting a higher intermolecular interaction energy than any other structurally analogous DPP based system reported previously. This crystal structure also exhibits a unique orthogonal association of the π-π dimer pairs along the crystallographic a and b axes, resulting in the formation of a framework that is characterised by well-defined channels perpetuating along the length of the crystallographic c axis. The role of fluorine induced stabilisation and its impact on optoelectronic properties in these systems is identified via analysis of computed intermolecular interactions for all the crystal extracted nearest neighbour dimer pairs and their associated cropped equivalents. Our results clearly reinforce the positive role of benzyl substitution in DPP crystal structures to enhance optoelectronic behaviour. More importantly they demonstrate the significant impact small changes in molecular structure can have on the solid state properties of this molecular motif, particularly when fluorination is involved. ABSTRACT: Rationalising the effects of molecular substitution in π-conjugated organic materials arising from well-defined intermolecular interactions, which can influence the formation of predefined packing motifs and control the emergence of π-π stacking represents a current challenge in supramolecular design. Significant effort is potentially required to manage the impact on solid state packing behaviour in materials that have been molecularly tuned to carry out specific photophysical and electrochemical functions. In this regard, fluorine substitution in π-conjugated systems has seen a recent surge of interest, primarily aimed towards
recent reports, we demonstrate that substitution of hydrogen by fluorine can also lead to dramatic changes in solid state packing behaviour as a consequence of these weak interactions. Given the importance of organic fluorine substitution in the construction of π-conjugated materials for optoelectronic materials we feel that this work should be of interest to the wider community involved in supramolecular design of organic conjugated systems, and in particular to those investigating organic fluorine as well as diketopyrrolopyrrole containing architectures.
INTRODUCTION
Historically, diketopyrrolopyrroles (DPPs) have been widely utilised in industry as high performance pigments in view of their exceptional properties such as brightness as well as light and weather fastness. [1] [2] [3] [4] [5] More recently, DPP based technologies have emerged as promising charge transfer mediating materials in optoelectronic devices such as organic light emitting diodes, organic field effect transistors as well as in solar energy conversion technologies such as dye sensitised solar cells and organic photovoltaics. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] We are currently engaged in the design of novel crystalline and thin film DPP platforms [18] [19] [20] with a view to developing an in-depth understanding of their crystallographic intermolecular interactions, aimed towards the rational design of sensing applications 18 , where the signal transduction can be either optical or optoelectronic. In this regard, small structural changes have been observed to exert dramatic changes to intermonomer interactions and hence associated charge transfer properties, [19] [20] [21] [22] which in N-benzyl substituted DPPs are related to characteristic slipped cofacial π-π stacking dimer pairs, closely aligned along their short molecular axes upon N-substitution. 19 Understanding the role of functional groups and substituent effects in these systems, which can facilitate or disrupt the formation of those desirable packing motifs, via well-defined interactions is crucially important in supramolecular design. There remains an identified need for studies, such as the one reported herein, where systematic substitutions are performed on a common core structure and the effects of manipulating the crystal lattice and intermolecular packing interactions are explored in-depth. In this work, we focus our interests on the role of organic fluorine in influencing the crystal structures and 1-dimensional π-π stacks in a series of N-benzyl substituted DPPs. In recent years, studies involving the interactions of fluorine substituents have seen a surge of interest, particularly in the fields of life sciences and solid state materials. 23 Fluorine is often used in substitutions of hydrogen atoms given their similar polarizabilities; however, this isosteric substitution is associated to a significant change in occupied volume. Upon substitution, physical and chemical properties in these types of comparative systems are known to be significantly affected given the different electronegativities of the atoms involved. [23] [24] [25] As an example, the electron density of a perfluorinated ring is reversed compared to that of its nonfluorinated analogue. In crystalline environments, organic fluorine can participate in a series of intermolecular interactions such as C-F---H, C-F---F-C, C-F---π F and π-π F . [23] [24] [25] [26] [27] [28] Despite its large electronegativity however, organic fluorine rarely forms H-bonding intermolecular interactions and these are often restricted to specific cases when their formation involving much better acceptor atoms such as oxygen and nitrogen are sterically hindered. 24, 25, 29 Although normally weak, these interactions can however induce significant structural changes in the solid state. Phenyl-DPP cores in short molecular axis view of HFFBDPP are highlighted for ease of visualisation.
It is worthwhile to note that two of the structures reported herein; namely HFHBDPP and HFFBDPP exhibit 1-dimensional slipped cofacial π-π stacks consistent with those reported by us previously. 19 This type of packing behaviour is often thought to represent a key structural feature leading to the emergence of semiconductor bandwidths in organic crystalline 7 materials. 19, 21, 22 The degree of long and short molecular axis slip is markedly different in both structures, which we attribute to effects of DPP core phenyl versus benzyl fluorination. Thus, HFHBDPP exhibits a cofacial arrangement of monomers in the π-π stacks with a long molecular axis slip (∆x) of 3.72 Å and short molecular axis slip (∆y) of 0.35 Å. This arrangement of monomers is entirely consistent with the previously reported non-fluorinated equivalent (HHHBDPP) where ∆x = 4.50 Å and ∆y = 0.30 Å. In turn, additional fluorination of the benzyl substituents affords an extreme slipped arrangement of monomers in the π-π stacks with ∆x and ∆y equal to 9.12 Å and 2.31 Å respectively. In this case, the structure deviates from our previous halogenated series with an increase in the short molecular axis slip. It is therefore clearly apparent in this system, that direct fluorination of the core phenyl and benzyl ring systems can afford changes in crystal packing (and molecular conformation, vide infra) which may contribute to a significant impact in both the predicted magnitude and sign of charge carriers (vide infra). In contrast to direct fluorination, trifluoromethyl substitution on the para position of the phenyl rings attached to the central DPP core is manifest in considerable disruption to the characteristic slipped packing motif in both THHBDPP and THFBDPP. The latter structure in particular, whereby the N-benzyl substituents were also fluorinated exhibits a highly unusual cofacial dimer pair arrangement where the monomers are offset with respect to their short molecular axis by ca.
46°. An orthogonal arrangement of the repeating units produced by the dimer pairs in this structure results in the formation of channels that perpetuate along the length of the crystallographic c axis (vide infra). From a search of the Cambridge Structural Database (CSD)
this is the first reported DPP structure displaying this type of packing motif and as a result, is of particular interest and will be extensively discussed herein.
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In summary, given the current interest in fluorine based π-conjugated materials in optical and optoelectronic applications and the key role played by crystal structure in defining the efficiency and behaviour of solid state devices, we feel that this study should be of wide interest to those engaged in the engineering of novel organic charge transfer mediating materials as well as to those interested in developing an in-depth understanding of intermolecular interactions in π-conjugated systems, in particular involving organic fluorine.
EXPERIMENTAL SECTION
Reagents and instrumentation. Unless otherwise specified, all starting materials and reagents were purchased from Fisher Scientific, Sigma-Aldrich or VWR and used as received without further purification. 1 H NMR and 13 C NMR spectra were determined using a Bruker AV3 400
MHz spectrometer (in CDCl 3 ) provided by the University of Strathclyde in Glasgow, UK.
Elemental analyses were carried out using the service provided by the University of Strathclyde in Glasgow, UK. FTIR analyses were carried out on the neat samples by attenuated total reflectance using a Thermo Scientific Nicolet iS5 FTIR Spectrometer, with an iD5 ATR (Diamond) sampling accessory. Crystal structure determination. All measurements were made with Oxford Diffraction instruments. Refinement was to convergence against F 2 and used all unique reflections.
Programs used were from the SHELX suite. 33 Hydrogen atoms were placed in idealized positions and refined in riding modes. The CF 3 group of THFBDPP was modelled as disordered over two sites with occupancies refined to 0.595(4) and 0.405(4). These disordered groups required restraints and constraints to be applied to displacement parameters. Selected crystallographic and refinement parameters are given in Table 1 . CCDC reference numbers 1449852-1449855 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Computational details. All molecular modelling studies were carried out using the density functionals indicated below as implemented in Spartan10 software. 34 Dimer interaction energies, ∆E CP , were all corrected for Basis Set Superposition Error (BSSE) using the counterpoise correction method of Boys and Bernardi. 35 Using a cut-off distance of van der Waals (VdW) radius + 0.3Å, all nearest neighbour dimer interaction energies of crystal extracted-dimer structures were calculated using the M06-2X density functional 36 and triple zeta 6-311G(d) basis
set. This density functional has been shown to give good account of the dimer interaction energies of π-π interacting systems. 37, 38 All results in the main text therefore refer to M06-2X/6-311G(d) calculations on crystal derived dimer species. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 entirely different molecular conformation. Again Z' = 0.5 but here this is due to a two-fold rotation axis passing through the centre of the DPP group and perpendicular to the DPP plane.
RESULTS AND DISCUSSION
This gives a syn arrangement of the CH 2 C 6 F 5 substituents and this appears to sterically prevent one side of the DPP plane from forming close π-π contacts, see below.
Like the earlier reported XHHBDPP species, HFHBDPP and HFFBDPP do form intermolecular one dimensional polymers that are propagated by π-π contacts. Indeed aromatic rings (shortest C…C 3.294(2) Å) rather than in the DPP/aryl stack. As can be seen in Figure 4 , these contacts supported by C=O…H interactions, also give a polymeric 1-dimensional motif that cross links the earlier described stacks. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 HFFBDPP forms no π-π contacts shorter than the sum of van der Waals radii. Despite that, a stack of molecules somewhat similar to those seen for XHHBDPP (X = Br, I) and HFHBDPP is present. The dimer pair that forms the basis of these stacks is shown in Figure 5 . Here neighbouring molecules have parallel C 6 H 3 F 2 rings but these are separated by distances longer than those usually considered significant (closest C…C contact 3.845(3) Å). This dimeric interaction may be supported by O…F and H…F interactions (3.017(2) and 2.61 Å respectively).
Thus, this species may be described with the same slipped π-π stacked terminology and notation as used previously, but it should be noted that it presents an extreme form of this geometry. With respect to the sum of van der Waals radii, the shortest intermolecular distances in HFFBDPP are F…F and F…C contacts (closest contacts F…C 2.791(2) Å, F…F 2.8282(16) Å). Although the DPP core is involved here, the edge-to-face geometry of the contacts (see Figure 6 ) means that these are not cofacial π-π stacks. The packing structures of the two CF 3 containing species cannot be described using the same stack of cofacial π-π dimer description employed for the previously discussed structures. Unlike any of the previously described species, THHBDPP forms π-π contacts not through interactions between its DPP and/or halogenated rings but instead through interactions of these groups with the ring of the benzyl group, see Figure 7 . (Closest face to face benzyl to DPP contact is C…C 3.329(3) Å; benzyl to C 6 H 4 CF 3 contact is in edge to face mode through a C-H group of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 intermolecular polymer, but it is very different in its construction from the slipped cofacial π-π stacks of XHHBDPP and HFHBDPP.
For THFBDPP, with the unusual syn geometry of its CH 2 C 6 F 5 groups, close face to face π-π contacts between adjacent DPP moieties do occur (shortest contact distances C…C 3.405(4) Å and N…C 3.208(3) Å) and give the dimeric units shown in Figure 8 . However, due to the syn conformation of the molecules these do not stack to give polymeric features. Neighbouring dimers interact through F…C and F…F short contacts to give the packing structure shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 interactions, ∆E CP computed. In characterisation of the extracted dimer pairs , it is worthwhile to re-emphasis that in this case the DPP-based systems bearing trifluoromethyl substituents do not exhibit the distinctive slipped cofacial π-π dimer pairs observed previously with N-benzyl substituted DPPs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 crystallographic framework leads to the emergence of channels along the length of the crystallographic c axis, with diffraction experiments confirming the absence of solvent in the void space. A section of these channels is illustrated in Figure 10 , where the structure is observed to crudely adopt the form of an irregular octagon (with two different side lengths of ca 2.86 and 2.70 Å, inner angles of ca 40 and 50° and outer angles of ca 130 and 140°, unlike those of 45°
and 135° respectively for a regular octagon) with a measured cross-sectional surface area of ca 40.50 Å 2 . In this system, the short molecular axes of the monomers in the dimer pair are offset by 46° with respect to one another, as illustrated in Figure 9 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 significant displacements along the short molecular axis in these crystal structures, thereby favouring a slipped π-π stacking configuration and maximising potential wavefunction overlap. 18, 19 This is in distinct contrast to the substantial short molecular axes shifts and herringbone packing arrangements exhibited by DPP pigments, [39] [40] [41] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 respectively), which is crudely reflected in their total intermolecular interaction energies (∆E CP = -294 kJmol -1 and -247 kJmol -1 for HHHBDPP and HFHBDPP respectively).
Differences in the overall interaction energies are consistent with the number of monomer nearest neighbours in each system with the 12 neighbours observed in the structure of HHHBDPP being reduced to only 10 in HFHBDPP. Thus, despite a similarity in π-π stacking energies, it is apparent that fluorination of the DPP core phenyl rings in HFHBDPP has a negative impact on the overall crystal thermal stability compared to the non-fluorinated equivalent HHHBDPP. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 structurally modified) dimer pairs for the nearest neighbour dimer pairs of HFHBDPP and HFFBDPPP respectively. We initially focus our discussion on the role of substituents on the π-π dimer pairs of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 atoms separated by 3.11 Å. An analogous situation (∆E CP = -16.75 and -22.44 kJ mol -1 for YDPP and DPP dimer pairs respectively) was identified for the π-π dimer pair of HFFBDPP upon isosteric substitution of the fluorine atoms for hydrogen atoms, with a stabilising H-bonding interaction being formed where the atoms were measured to be 3.02 Å apart.
For the remaining dimer pairs of HFHBDPP, we identified an additional dimer pair (II), which is stabilised by a sole phenyl-phenyl slipped-cofacial intermolecular interaction (∆z = 3.24 Å) and which exhibits a small benzyl/fluorine induced stabilisation as extracted from the computed ∆E CP for the associated structurally modified dimer pairs (see Table 2 for details). In turn, systematic substitution plays a crucial role in the dimer pairs I and V of HFHBDPP (see Figure   11 ). The effect of fluorine induced stabilisation in dimer pair I can be determined via comparison 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 13 . Capped stick illustration of the different nearest neighbour dimers of THHBDPP. Lastly, given our interest in the development of organic conjugated DPP based materials to be employed as charge transfer mediators in optoelectronic devices, we computed the hole (t h ) and electron (t e ) transfer integrals for the centrosymmetric π-π dimer pairs of HFHBDPP and HFFBDPP within the framework of the energy splitting in dimer method 48 where t h /t e is given by half the splitting between the dimer HOMO/HOMO(-1) and LUMO/LUMO(+1) orbitals.
Computed charge transfer integrals for the dimer pair IV of HFHBDPP (0.50 and 3.68 kJ mol -1 for t h and t e respectively) reveal t e > t h , consistent with our previously reported model system 20 for the slipped cofacial dimer pair of a non-substituted DPP (with computed values of t h = 3.01
and t e = 10.89 for a displacement ∆x = 3.6 Å). We attribute the significant lowering of the magnitude (but not sign) of both charge transfer integrals in the fluorinated system to the torsion of the phenyl rings attached to the core in HFHBDPP (θ = 38.23° as opposed to the fully planar 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 monomers in the model system) and the slightly increased vertical displacement of the monomers to from ca. ∆z = 3.6 Å to 3.9 Å, diminishing the effective wavefunction overlap required for optimal electronic coupling. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 structures is however collapsed upon trifluoromethyl substitution at the para position of the phenyl rings in both THHBDPP and THFBDPP. A novel molecular conformation and π-π dimer pair was identified for the latter structure, demonstrating a higher computed intermolecular interaction energy than any other structurally analogous DPP based system reported previously.
Furthermore, the single crystal structure of THFBDPP also exhibits a unique orthogonal association of these π-π dimer pairs along the crystallographic a and b axes, resulting in the formation of a framework that is characterised by well-defined channels perpetuating along the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 structures to enhance optoelectronic behaviour. More importantly however, they demonstrate the significant impact small changes in molecular structure can have on the solid state properties of this molecular motif, particularly when fluorination is involved. As a consequence and given the significant current interest in the use of organic fluorine to manipulate electrochemical behaviour in organic semiconductors and influence their solid state packing we believe that this study should be of value to those engaged in the rational understanding of intermolecular interactions in organic conjugated systems, and in particular to those interested in the optoelectronic application of DPP single crystals.
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